Rational assessment of stern slamming of a large twin-screw LNG carrier comprised prediction of hydrodynamic impact loads and their effects on the dynamic global structural behaviour of the hull girder. Linear theory obtained regular equivalent waves that caused maximum relative normal velocities at critical locations underneath the ship's stern. Reynolds-averaged Navier-Stokes equation (RANSE) computations based on the volume of fluid (VOF) method yielded transient (nonlinear) hydrodynamic impact (slamming) loads that were one-way coupled to a nonlinear motion analysis of the ship in waves. Hydrodynamic loads acting on the hull were converted to nodal forces for a finite element model of the ship structure. Shape and duration of computed slamming pressures agreed well with full-scale measurements carried out on other ships, indicating that computed results captured all essential physical phenomena. Maximum slamming pressures were close to, but did not exceed classification society rule values. Hull girder whipping was analyzed to investigate dynamic amplification of structural stresses. The analyses indicated a significant amplification (up to 25%) of bending moments due to whipping.
INTRODUCTION
On the bottom of the stern section of a ship or FPSO (floating production storage offloading), high amplitude short-duration impact-related slamming loads may occur when this part enters the water at a small angle of inclination. These loads may not only cause local damage of the hull structure, but also increase hull girder loads and that contribute to long-term fatigue of the hull girder structure. This paper describes the study of this phenomenon as applied to a large LNG (liquefied natural gas) carrier.
TEST CASE
Our objective was to assess stern slamming for a modern LNG carrier, Table 1 , under two loading conditions. Particularly the flat area between propeller shafts, Figure 1 , may be subject to stern slamming.
PROCEDURE
Details of the procedure are found in Oberhagemann et al. (2008) . We took the normal relative velocity between hull and water surface in the stern region as criterion to identify critical situations with respect to severe slamming. A linear GFM (Green Function Method) seakeeping analysis, based on the wave climate of the North Atlantic according to IACS Recommendation 34, yielded maximum normal relative velocities. Equivalent regular design waves, leading to the same relative velocities, were identified. Based on these regular equivalent design waves, input parameters were defined for the RANSE (Reynolds-averaged Navier-Stokes equations) simulations, coupled with the computation of the nonlinear ship motions in these waves. The computed pressures were compared with design pressures according to classification society rules. Slamming loads obtained with the RANSE solver served as boundary conditions for transient finite element (FE) computations.
To assess effects of hull girder whipping, we performed transient coupled computations that combined fluid dynamics and structural dynamics, El Moctar et al. (2006) . Only the influence of the transient phenomena of fluid flow on the structure was considered. The influence of structural deformations on the surrounding flow was assumed small and was thus neglected. The commercial RANSE solver COMET computed fluid dynamic pressures, and the finite element software package ANSYS performed the structural analysis. Hydrodynamic forces and moments acting on the ship's hull were converted to nodal forces for the FE model. Mass inertia forces and moments were also added to nodal forces, allowing computations in a ship-fixed coordinate reference frame.
The computational procedure consisted of four steps:
1) A linear GFM code obtains transfer functions of normal relative velocities at previously defined critical areas underneath the ship's stern. 2) A statistical analysis combines these results with user-specified operational restrictions to determine maximum normal relative velocities; then regular design waves for stern slamming are selected leading to these same normal relative velocities. 3) RANSE simulations for the freely moving ship in the selected waves compute slamming pressures. 4) FE code simulates the hull structural response caused by the slamming loads to determine dynamic amplification of hull girder stresses due to whipping.
SEAKEEPING COMPUTATION USING GFM
For the seakeeping analysis, the hull was discretized into 4290 panels. Computations were carried out for ballast and design conditions for 13 encounter angles (0°≤ µ ≤ 180°) at 15°intervals, for 30 wave periods ranging from 5.0 to 18.0 s, and for six ship speeds v ship ranging from 0 kn to 19.5 kn. We assumed that the highest normal relative velocities between water and hull resulted in maximum slamming pressures. Standard spectral techniques together with the linearly computed transfer functions Hydro-Elastic Simulation of Stern Slamming and Whipping
International Journal of Ocean and Climate Systems Long-term statistical analyses were performed, assuming equal distribution of wave encounter angles for each given loading condition and ship speed. Short-term statistics relied on PiersonMoskowitz seaway spectra with a cosine squared distribution of wave energy about the primary wave direction. For long-term statistics, frequencies of occurrence of sea states were set according to the IACS Recommendation 34. The applied probability of exceedance was 10 −8 for 17 years operational time. Multiplication of transfer functions for normal relative velocities with the corresponding maximum wave amplitudes yielded complex response spectra of normal relative velocities. Values of maximum normal relative velocities were always taken at the peak of the response spectra.
A subsequent analysis determined amplitudes of regular design waves for each combination of encounter angle, wave period, and ship speed. Based on operating experience with similar ships, the following restrictions were observed: 1) Wave steepness must not exceed 0.156, corresponding to wave height/wave length = 0.1. 2) Except at zero forward speed, maximum acceleration on the bridge deck must not exceed the acceleration of gravity. 3) Depending on the ratio of forward speed v to design speed v 0 , the propeller tip must not emerge for v > 1/3 v 0 , or the propeller emergence should not exceed one third of the propeller radius for v = 1/3 v 0 . At zero speed, this criterion is invalid. 4) Wave heights greater than 15 m are only allowed for ship speeds of less than one-third design speed. 5) For critical locations that do not emerge, maximum normal relative velocity is set to zero.
The ballast loading condition always resulted in higher maximum normal relative velocities than the loaded (design) condition, and the zero speed cases always gave higher values than other ship speeds. This was because wave height restrictions depended on ship speed and high relative velocities occurred together with high relative motions, causing parts of the propeller to emerge. 
RANSE SIMULATION OF SLAMMING
For the RANSE computations, we selected three regular design waves that caused maximum normal relative velocities, all for the ship in ballast condition at zero forward speed, Table 2 . Sample results are shown for a representative critical location. The RANSE solver not only computed slamming pressures, but also solved the nonlinear ship motion equations by imposing initial and boundary conditions according to the regular design waves.
For each design wave, a volume grid with tetrahedral cells was created, Figure 3 . For wave 2, the grid had 1.5 million cells and covered a fluid domain extending two ship lengths aft and three ship lengths forward of the ship's center of gravity, two ship lengths to port and starboard of the centerline, and 200 m above and one ship length below the calm waterline. We refined the grid in the region of the water-air interface and stretched the cells towards the outlet boundaries and in the regions far from the free surface. Boundary faces on the hull surface in the critical stern region had a size ranging from 0.2 to 0.25 m 2 , allowing an accurate representation of the pressure distribution. For wave 1 and wave 3, the grids were similar. However, due to symmetry (stern wave respectively head wave) we modeled only the port side of the hull and the surrounding fluid domain. Thus, the number of grid cells was reduced to about 700000. For wave 3, regions of refined and stretched cells were adjusted to reflect head wave conditions. In each case, about 4000 time steps with a time step size of 0.02 s were computed, corresponding to 80 s of simulation time or about six wave encounter periods. Figure 4 shows computed time series of slamming pressures. For waves 1 and 2, pressures reach similar peak values of about 305 kPa and the duration of peaks and the slope of the pressure curves after the first peak are similar. Shape and duration of these pressure traces agreed well with full-scale and model test measurements for other ships, indicating that the RANSE simulations captured all relevant physical phenomena, Schellin et al. (2007) .
Although the pressure time history for wave 3 resembles the time histories from waves 1 and 2, pressures were significantly smaller. The peak pressure from wave 3 was only about 25% of the peak pressure from waves 1 and 2. In the computations, stern slamming occurred only between the two propeller axes. The pressure distribution in Figure 5 is typical for the time of peak slamming pressure. Formulas in J. Oberhagemann Figure 5. Computed pressure distribution for wave 2 occurring at peak slamming pressure classification society rules give slamming pressures of 325 kPa for this ship. Rule based slamming loads thus lead to a conservative hull structural design. Furthermore, rule based design pressures refer to quasistatic pressures, whereas computed slamming peak pressures lasted only for a short time.
WHIPPING ANALYSES
Whipping analyses were performed, using the hydrodynamic loads obtained by the RANSE computations as transient loads acting on the FE model of the ship structure. The FE model consisted of 263000 elements and considered a total of 575000 nodal degrees of freedom. The mass distribution of the light-ship weight was completed by adding masses of filled and partially filled tanks. Transient FE computations showed that the excitation of the lowest fundamental natural mode contributed most to the additional stresses caused by hull girder vibrations. Of interest were accelerations at the ship's bow and stern, longitudinal stresses at the ship's midship section, and torsional stresses at the onequarter and three-quarter ship stations. We selected large amplitude waves with periods where the probability of exciting whipping responses of the ship structure was relatively high. These waves caused not only maximum slamming pressures, but also high shear forces, bending moments and, for wave 2, torsional moments acting on the ship's stern section. Slamming loads obtained from RANSE computations were converted to nodal forces for the FE model. Two-dimensional Lewis form hydrodynamic masses were distributed to appropriate shell nodes. A total hydrodynamic mass of 19359 t resulted in the transverse direction and 199024 t in vertical direction. For wave 1, the simulated time ranged from 22.6 to 36.1 s. Figure 6 shows time histories of vertical accelerations (a v ) at the ship's stern and at the ship's bow. For convenience, the vertical slamming force (F z ) is also plotted. Although the influence of slamming on the acceleration at the bow is significant, it is less than at the stern. High-frequency vibrations were not observed at the bow. The Fourier decomposition of vertical accelerations for both locations, Figure 7 , shows the dominance of the two vibration modes of 0.79 and 3.59 Hz at the stern. The second peak at 3.59 Hz almost vanishes at the bow.
The effects of the fundamental vibratory hull girder modes with natural frequencies of 0.79 and 3.59 Hz are more pronounced in the stern section, Figure vertical accelerations and slamming-induced accelerations, Figure 9 , shows the influence of the dynamic contribution to total accelerations. Computed time histories of midship longitudinal stresses in the hull girder, Figure 10 , consist of the quasi-static wave-induced bending stress, the dynamic slamming-induced vibratory stresses, and the total longitudinal stress. The maximum value of the dynamic slamming stress is 23% of the maximum value of the quasi-static bending stress. Slamming occurred at the time when the hull girder stress level due to wave bending was low, Figure 11 (left). Therefore, the maximum total longitudinal stress was only slightly larger than the maximum quasi-static longitudinal stress. Figure 11 (right) shows the hull at the moment of maximum longitudinal stresses in the hull girder.
For wave 2, the simulated time ranged from 61.5 to 75.0 s. Frequency spectra of computed vertical accelerations also revealed three-node and four-node natural modes of vertical hull bending at 1.41 and 1.81 Hz, respectively. Our results indicated that no torsional or other asymmetric natural modes were excited, although wave 2 (encounter angle µ = 15°) caused a relatively small torsional moment to act at the stern. Computed time series of vertical accelerations, Figure 12 , show a larger influence of the slamming-induced dynamic contribution than for wave 1.
The corresponding stress analysis yielded a maximum slamming-induced dynamic stress 32% larger than the maximum quasi-static wave bending stress, Figure 13 . Similarly to the wave 1 case, the slamming event occurred at the instant of time when the total hull girder bending stress was 
